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Introduction
Chalcogens (oxygen, sulfur, selenium, tellurium) form five-membered heterocyclic compounds named: furane, thiophene, selenophene, tellurophene respectively, 1 and are commonly used as heterocycle building blocks in order to modify electrochromism, band-gap or conductivity of small molecules and conjugated polymers. [2] [3] [4] Heteroatoms like sulfur, oxygen, nitrogen etc. change electronic properties of the conductive polymer when their lone electron pair is conjugated with the rest of the molecule in particular with the molecular backbone.
However, aromatic character of these five-membered heterocyclics decreases in order O > S > Se > Te, 3, [5] [6] [7] [8] therefore, the influence of a chalocogen's lone electron pair decreases with its increasing atomic radius. Subsequently, larger atoms in the chalcogen series such as selenium and tellurium force quinoid structures to be more likely in chalcogenophene heterocyclics.
Furthermore, the electronegativity of selenium and tellurium atoms is lower than of S (2.4, 2.1, 2.5 respectively) -so tellurium behaves more like a -donor towards carbon. 9, 10 It was shown that thiophene, selenophene, and tellurophene or their alkylated derivatives and also other derivatives may form polymers themselves or can be an important unit in a bigger structure. 2, 3, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] While charge transfer in conductive polymers is mainly due to a hoping mechanism, 23 labile lone electron pairs of large selenium and tellurium atoms should increase material conductivity.
Incorporation of selenium and tellurium instead of sulfur has therefore created materials with promising properties for application in OPVs and OFETs, [24] [25] [26] however electrochromic properties have also been studied. 27 Carbazole, triphenylamine and thiophene are typical building blocks for conductive polymers. [28] [29] [30] [31] [32] As thiophene-based polymers are mainly used in organic electronic applications, while selenophene-and especially tellurophene-based polymers are still relatively uncommon.
In this paper, several carbazole and triphenylamine derivatives containing selenophene and tellurophene units are characterized, with results then compared with the data reported in the literature for similar thiophene analogs. [33] [34] [35] [36] Both the effect of the type of chalcogen atom and also the substitution position on the carbazole (2,7-and 3,6-) are considered in this analysis.
Electrochemistry (cyclic voltammetry -CV) and UV-Vis-NIR / EPR spectroelectrochemistry are used to characterize both presented monomers and electrodeposited polymer films made from the same monomers ( Figure 1 ). 
Results and Discussions
As it was mentioned in the introduction, tellurophene derivatives display lower oxidation potentials and smaller band-gaps than those compounds that contain selenium. UV-Vis spectra and emission of investigated compounds are consistent with this statement. Se and Te analogs have similar measured absorption spectra, however, all tellurium-containing compounds are redshifted compared to selenium-containing molecules (see Figure 2 ). This red-shift reduces the band-gap of monomers (compared to Se-derivatives): 0.12 eV for 2,7-substituted carbazole, 0.10 eV for 3,6-substituted carbazole, and 0.13 eV for triphenylamine derivatives respectively (Table   1 Table S1 ) as they all bear heavy elements in their structure. Incorporation of heavy elements, such as platinium [37] [38] [39] or iridium 37, 39 in some cases leads to very efficient phosphors, although some heavy atoms, such as bromine 40 or selenium 41 reduce the quantum yield of fluorescence, not necessarily facilitating emission of phosphorescence in solution. That in fact is the case in this study as selenium and tellurium induce fast intersystem crossing. Photoluminescence quantum yield ( PL ) is always larger in selenophene than in tellurophene analogs, i.e. 3BSeCC9 still shows noticeable emission, but in 3BTeCC8 no emission was recorded. As  PL varies between groups of molecules, that suggests a variation in the contribution of the heavy atom orbitals in the excited state, i.e. if the contribution is larger, the faster the intersystem crossing and the lower  PL is observed. Photoluminescence quantum yields are shown in supporting information (Table S1 ). Please note no photoluminescence is observed for 3BTeCC8.
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The electrochemical response of compounds shows that all selenophene derivatives have a higher oxidation potential than tellurophene analogs: 0.12 V for 2,7-linked carbazole, 0.08 V for 3,6-linked carbazole, and 0.03 V for triphenylamine (Table 1 ). It is clear that the oxidation potential of carbazole derivatives is highly affected by the presence of chalcogenophene rings, and in the case of triphenylamine derivatives the TPA unit plays the main role. In the case of carbazole derivatives, it is clear that the electrochemical anodic reaction is irreversible (see Polymer layers formed during oxidation of the presented compounds show electrochemical activity typical for conductive polymers. [33] [34] [35] [36] While 2,7-and 3,6-linked carbazoles are expected to form linear polymers by coupling between chalcogenophene rings through the formation of bichalcogenophene bridges, triphenylamines are expected to form branched polymers due to the presence of three separated chalcogenophene units (see Figure 1 and 4).
Voltammograms ( Figure 4) 32 and when those positions are not substituted, such as in 2,7-substituted carbazoles, some additional defects can occur in the structure of the polymer.
Electropolymerization behavior of both TSeTPA and TTeTPA is very similar, however, the polymerization potential of TSeTPA is higher than that of TTeTPA. 
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In general, all polymers have a lower oxidation onset than the corresponding monomers as a consequence of their longer conjugation length (see Table 1 ). Differences in oxidation onsets in the case of 3,6-linked carbazoles and for triphenylamine polymers (Se-compared to
Te-containing) are negligible and therefore may be assumed to be almost equal. Tellurium derivatives generally have lower optical band-gaps than selenium analogs. However, carbazole derivatives contain almost identical electron affinity regardless the type of the chalcogen.
Heavier chalcogen atoms push the ionization potential down in those compounds without any change in electron affinity. In triphenylamine derivatives, the first electron is donated by the TPA unit, therefore the ionization potential remains almost constant while the Te atom in the molecular structure increases the electron affinity of the molecule in relation to the Se-containing derivative. In the case of the polymers, the results are not as clear as for monomers, however, a similar trend is observed. In particular, triphenylamine polymers behave similar to related monomers, therefore poly(TSeTPA) has a lower electron affinity than poly(TTeTPA) and a wider band-gap whereas both polymers have almost identical ionization potential. Electrodeposited polymer layers present interesting electrochromic properties ( Figure 5 ).
Firstly, both 2,7-substituted carbazoles give almost non-electrochromic polymers (Figure 5c and d), whereas 3,6-linked forms of the polymers display electrochromism (Figure 5a and b) . A more in-depth analysis of poly(2BSeCC9) and poly(2BTeCC8) can subsequently be found in Figure   S1 and S2). Surprisingly both 2,7-and 3,6-bithiophene carbazole-based polymers show significant electrochromism. 35, 42 As proposed in Scheme S3 both 3,6-linked carbazole and triphenylamine polymers form, upon oxidation, radical cations with similar conjugation pattern, Triphenylamine polymers, poly(TSeTPA) and poly(TTeTPA) (Figure 5e and f), both have similar electrochromic properties, however, there are some differences due to different chalcogenophene atoms contained. The main differences are shapes and maxima of the 13 absorption bands. In particular, the polaronic band of poly(TTeTPA) (λ max ≈1280 nm) is redshifted compared to poly(TSeTPA) (λ max ≈1170 nm). It is observed that both polymers do not show exact isosbestic points, and pseudo-isosbestic points are placed in 500-530 nm region.
Regardless of this feature, both polymers present good reversibility of the doping-dedoping process. Poly(TTeTPA) seems to be a more promising polymer than poly(TSeTPA), due to its more pronounced electrochromic response in the UV-Vis region and almost flat absorption spectrum in the region of 400-800 nm, indicating a gray/black colored film.
As a part of stability analysis, the EPR spectroelectrochemistry was conducted. All investigated compounds give species with an unpaired electron as a result of oxidation ( Figure   6 ). Observed structureless EPR spectra are the consequence of both strong delocalization of unpaired electron and low stability of the radical, however, the presence of heavy selenium and tellurium atoms could also explain this phenomenon. Structureless spectra provide no information about the cation-radical structure, therefore only the gyromagnetic factor (g-factor)
and signal width can be analyzed. Radical cations of aryl amines usually are characterized by a g-factor higher than 2.0030, due to the presence of spin density on nitrogen atom. 30, [43] [44] [45] However, it is worth noting that some authors reported lower values. 46 Spectra from oxidized triphenylamine derivatives (Table 2) show the lowest g-factor values, in the range of 2.0020-2.0025 that are more typical for aromatic radicals without heteroatoms. 49 Taking above into account a strong delocalization of radical species on the carbon backbone occurs with small contribution of the nitrogen atom. In the case of carbazole derivatives, the g-factor observed suggests a noticeable nitrogen atom contribution -phenylaminyl radical has a g-factor in the range of 2.0031-2.0035. It can, therefore, be concluded for such derivatives the radical is delocalized on both chalcogenophene units and the carbazole unit. It was previously shown that chalcogen atoms in chalcogenophenes have no direct contribution to the cation-radical structure (ie. contribution to g-factor), however they do change the contribution of quinoid form of the chalcogenophene ring (which is small for furan and high for tellurophene). 50 Therefore it is expected that there is no influence of chalcogenophene atom on g-factors of analyzed radicals. However, it was found that selenium and tellurium atoms broaden the EPR signal and the signals of the tellurophene derivatives are wider than those of containing selenium. Additionally, this broadening effect depends on the strength of the electron -chalcogenophene interaction, and therefore triphenylamines are expected to have the lowest 15 contribution from the chalcogenophene rings to the spin density, as the radical is mostly associated with the triphenylamine. Among the carbazoles, the slightly wider signals of the 2,7 -substituted derivatives may suggest increased conjugation between chalcogenophene units and the carbazole than 3,6 -substituted compounds. EPR spectroelectrochemistry is a very useful tool to study charge carrier formation in conductive polymer films. However, selenium and tellurium atoms have a strong influence on EPR signal width, therefore signals are broad and relatively weak. This phenomenon is a consequence of the high mass of the chalcogen nucleus and large number of electrons surrounding the atom, as the unpaired electron can interact with them. Interestingly, thiophene analogs of investigated polymers show much narrower EPR signals. 35 All investigated polymers that give a signal in EPR spectroscopy after doping, leave some remnants of the doped species after dedoping. It was found that those species cannot be completely removed from the polymer -the polymer remains virtually doped. These remaining polarons or radicals may be in this case interpreted as defects in the polymer structure, such as radicals formed by overoxidation of some chalcogenophene rings. As UV-Vis-NIR spectroelectrochemistry shows, the radical remnants do not contribute to the electrochromic response of polymers. Similar behavior has been observed in the case of some polymers with 3,4-ethylenedioxythiophene or thiophene units, 35, 51 but also in selenophene-containing structures. 41 Initial value for the g-factor (g = 2.0040) for poly(3BSeCC9) ( Figure S4 ) shows that the residual spins are placed on the carbazole units. The initial g-factor of the radicals in poly(3BTeCC8) derivative (g = 2.0025, Figure S7) suggests a small interaction of the radical with the nitrogen atom, therefore the remaining species may be located on bitellurophene units. An increase of the relative spin concentration starts at 0.1 V potential ( Figure S5 ), but the increase of the g-factor and signal width starts at 0.3 V potential ( Figure S6 and S7). This shows that bitellurophene units are oxidized in the first stage while in the second stage, the oxidation of carbazole units takes place. The spin concentration stabilizes at 0.5-0.6 V potential which is due to the formation of bipolarons. 2BSeCC9 polymerizes slowly and the obtained film is thin, resulting in a weak signal, affected by noise ( Figure S8 ). The initial g-factor (about 2.0040) has a similar value to poly(3BSeCC9) ( Figure   S10 ), but after electrochemical doping of the polymer, this value decreases only to 2.0036 which indicates an interaction of the spin with a nitrogen atom. This phenomenon can be explained by good conjugation between carbazole and biselenophene units in the 2,7 position. At a potential of 0.3-0.4 V, both signal width and g-factor start to increase ( Figure S9 and S10) which can be attributed to the formation of polarons on carbazole units which may cause polymer degradation (note free 3 and 6 positions of the carbazole unit). A similar phenomenon in the case of the tellurophene derivative has not been observed, here the g-factor remains virtually constant at any potential applied. The location of the radical on the carbazole units may lead to side reactions causing degradation due to the unsubstituted 3 and 6 positions on the carbazole unit. The specific behavior of poly(2BTeCC8) is noteworthy. The film has a strong EPR signal (Figure 7b and d) and the g-factor of the radical does not change significantly during doping, and only fluctuates in the range of g = 2.0033 -2.0036 ( Figure S12 ). This fact shows that the radical formed does not change the structure during doping / dedoping half cycles. This is probably the reason for the better stability of the film than in the case of poly(2BSeCC9). A slight but noticeable broadening of the signal with the increase of the applied potential ( Figure S11 ) can be attributed to the formation of a small number of bipolarons. At the beginning of oxidation of the poly(TSeTPA) film, the g-factor drops rapidly (g = 2.0017 at 0.5 V) with an increase of spin concentration ( Figure S13 and S15) which indicates the formation of radicals on triphenylamine units. The radical has low g-factor value due to the small interaction of the radical with the nitrogen atom.
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Further oxidation leads to an increase in g-factor, which can be attributed to oxidation of the 18 biselenophene units. Small potential splitting between the oxidation of triphenylamine and biselenophene units should be noted. It is expected that in the case of poly(TTeTPA), the potential splitting is negligible, which can explain its behavior (see text below). Doping and dedoping half cycles show perfect reversibility of the process ( Figure S13 ). After several attempts of successful doping and dedoping it was found that poly(TTeTPA) does not show an EPR signal or the signal is extremely weak. This behavior can suggest simultaneous oxidation of triphenylamine and bitellurophene units, which results in the instant formation of bipolarons while the polymer is being doped. The switching measurements (see Table 3 ) show that the doping process is generally slower than dedoping. Furthermore, polaronic bands react faster than neutral polymer bands during doping, whereas during dedoping bands swap the reaction time order. In general, the oxidized form of all 21 selected polymers displays a black/gray color, while various colors are found in the neutral polymer forms. With this in mind, poly(3BSeCC9) was found to have the most promising properties, with relatively high coloration efficiency (CE) at both investigated wavelengths (over 180 cm 2 ·C -1 ) and good stability. It is expected that poly(3BSeCC9) has a very high CE at λ max ≈ 980 nm as the CE depends on OD (Optical Density) between the oxidized and neutral film, however, infrared absorption bands are not applicable for electrochromic devices. 
Conclusions
Presented 3,6-and 2,7-substituted carbazole derivatives and triphenylamine derivatives were found to undergo oxidative electropolymerization with the formation of electroactive films.
Polymer films thus obtained were investigated by spectroelectrochemical techniques. It was
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shown that 2,7-substituted carbazole polymers are not electrochromic while 3,6-substituted and triphenylamine polymer derivatives show satisfactory electrochromism. One of the polymers:
poly(3BSeCC9) was found to have very promising properties for applications in electrochromic devices.
The increase of chalcogen atomic number indicates lower band-gaps of both monomers and polymers. It was observed that a decrease of optical band-gap of carbazole derivatives is therefore due to a lowering of the ionization potential of the molecule while electron affinity does not change. In the case of triphenylamine derivatives, it is observed that chalcogen atom type affects only electron affinity, while ionization potential remains almost the same.
EPR spectroelectrochemical measurements show different structures of cation-radicals formed by both carbazole and triphenylamine polymers and their related monomers. It was shown that stronger conjugation between carbazole and chalcogenophene substituents is present when the carbazole is 2,7-substituted whereas in the 3,6-substituted compound, conjugation is relatively weak. The chalcogen atom does not participate in the structure of the radical, it only increases the quinoid form of chalcogenophene ring decreasing its aromaticity. The increase of chalcogen atomic number makes this effect stronger.
Experimental section
All electrochemical studies were conducted in Ar purged 0.1 M solutions of electrolyte and a platinum wire as the auxiliary electrode. In each electrochemical experiment, the reference electrode potential was monitored using ferrocene as an internal standard. CV investigations were carried out using an Autolab PGSTAT20 potentiostat using a scan rate of 50 mV·s -1 (oxidation, electropolymerization, and multiple doping-dedoping processes). All electrochemical measurements were performed at a concentration of 1.0×10 −3 M for the investigated compounds.
UV-Vis-NIR spectroelectrochemistry was carried out using QE6500 and NIRQuest detectors (Ocean Optics). In situ EPR spectroelectrochemical experiments were performed using a Jeol JES-FA200 spectrometer coupled with an Autolab PGSTAT 100N potentiostat. The g-factor value was determined by comparison with a JEOL internal standard (Mn(II) salt). Absorption and photoluminescence spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu), and a Fluorolog spectrofluorometer (Jobin Yvon).
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